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Nuclear prolei~~s arc actively and posttranslationally transported across the nuclear envclopc. This transport is a highly selective process that can 
bc divided into two Gcps, receptor-binding followed by tratlslocation through the nuclear envelope. Receptor-binding is mediated by nuclear locali- 
zation signrlls that have been identified in many nuclear proteins. Translocation is encrgy.dependent and occurs through the nuclear pore complex. 
Nuclc:ir localization signal; Nuclear pore complex 
1, INTRODUCTION 
The nuclear envelope sequesters the genome and its 
activities within a I!nique biochemical environment, he 
nucleus. The nuclear envelope consists of two lipid 
bilayers, the outer and inner nuclear membranes, 
separated by a perinuclear cisternal space. The peri- 
nuclear space is continuous with the lumen of the 
endoplasmic reticulum (ER). The outer nuclear mem- 
brane and the ER membrane are also continuous and 
functionally similar in that both contain ribosomes on 
their cytoplasmic surfaces.The nucleoplasmic surface 
of the inner membrane is associated with the nuclear 
lamina, a fibrous network that supports the nuclear 
envelope. 
Pores traverse the nuclear envelope at sites where the 
inner and outer membranes are fused, thereby pro- 
viding a link between the cytoplasm and the interior of 
the nucleus. Each nuclear pore is a water-filled channel 
within a large proteinaceous nuclear pore complex 
(NPC). The NPC mediates active transport of proteins 
across the nuclear envelope, and, in addition, allows 
passive diffusion of small proteins and other molecules. 
Here we review the salient features of active protein 
transport into the nucleus. The reader is referred to 
other more extensive r views for additional information 
on passive [1] and active [2-61 transport and on the 
structure of the nucleus [7-K!]. 
2. NUCLEAR PORE COMPLEX (NPC) 
nuclear pores, Observing a punctate pattern on nuclear 
envelopes, he proposed the existence of channels con- 
necting the cytoplasm and nucleoplasm. In 1949, Callan 
6131 observed the ultrastructure of nuclear pores with 
the electron microscope. Wischnitzcr 1141 proposed the 
first structural r dl of the nuclear pore in 19%. 
Recently, more detaiied information on the structure of 
the NPC he-, been obtained using high resolution elec- 
tron microscopy combined with image processing 
[15-l?]. About an axis perpendicular tothe plane of the 
rluclear envelope, the NPC has an g-fold rotational 
symmetry formed by two coaxial rings connected to a 
central plug by a spoke assembly. One ring lies on each 
side of the nuclear envelope, facing the cytoplasm or the 
nucleoplasm. The cytoplasmic ring is heavier than the 
nucleoplasmic ring, creat,ing asymmetry along the axis 
parallel to the nuclear envelope. The spoke assembly 
probably contains 24 spokes; 8 inner spokes extending 
outward from the central plug (inner spokes) joining 8 
outer spokes extending inward from each of the two 
rings. The central plug or transporter is thought o con- 
tain the transport channel. Occasionally, fibrils can be 
seen extending from the pore into either the cytoplasm 
or the nucleoplasm, possibly acting as tracks through 
the pore. The overall size of the NPC is 120 nm in 
diameter by 40 nnl. Radial arms extending out from the 
NPC, possibly to anchor the two coaxial rings to the 
membrane, have also been proposed. With these radial 
arms the NPC would have an overall diameter of 
14s nm. 
In 1876, using the light microscope as a means of 
observation, Mertwig first suggested the existence of 
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Mass determination of the N?C has yielded a mole- 
cular mass of - 124 MDa [17]. Assuming that an 
average pore protein has a molecular, mass of 200 kDa, 
approximately 500 proteins (possibly over a 100 dif- 
ferent protein species) are required to assemble an 
NPC. To date, relatively few NPC proteins have been 
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identified. One, gp210 (or gp190), is an integral mem- 
brane glycoprotein containing N-linked high martnosc- 
type carbohydrate and has been proposed to anctior the 
pore complex within the nuclear envelope [jiMOl, 
Among the handful of other proteins thought o be part 
of the NPC [21-271 many bear an unusual carbobydratc 
modification consisting of single O-linked N#Xetyl- 
glucosamine (GlcNAc) residues ([28-301; for review see 
WI). 
3, NUCLEAR LOCALIZATION SIGNAL (NLS) 
Upon injecting BSA and histones into Xfincpus 
oocytes, Gurdon [31j found that histories, but not BSA, 
accumulate in the nucleus. He concluded that protein 
uptake into nuclei s a selective prccess. In 1975, Banner 
[32] injected either nuclear contents or cytoplasm of 
Xenopus oocytes into recipient oocytes and found that 
nuclear, but not cytoplasmic, proteins accumulate in 
the nucleus; however, he also found that cytoplasmic 
proteins smaller than 20 kDa equilibrate between the 
nucleus and cyroyiasm within 24 h, suggesting that 
small proteins can freely diffuse into the nucleys. In a 
variation of Gurdon’s original experiment, De Robertis 
et al. [33] suggested in 1978 that nuclear proteins con- 
tain in their molecular structure a signal that enables 
them tg accumulate in the nucleus. The first direct 
evidence for such a signal came in 1982 from experi- 
ments employing nucleoplasmin as a nuclear import 
substrate. Dingwall et al. 1341 found that nucleaplasrnin 
rapidly accumulates in the nucleus when injected into 
oocytes, but nucleoplasmin derivatives lacking the C- 
terminal end are not transported to the nucleus. This 
work demonstrated that sequences present wiehin a 
mature protein are sufficient o direct nuclear localiza.- 
tion. The first nuclear targeting signal whose sequence 
was defined is from the yeast nuclear protein MATol2. 
By constructing hybrid proteins containing p-galacto. 
sidase fu.sed to different portions of MATa2, Hall et 
a1.[35] showed that a segment of MAT&? as small as 13 
amino acids can direct ,&galactosidase to the nucleus. 
Within these 13 amino acids is a possible cunsensus 
signal sequence consisting of 5 animo acids, tys3-Ile- 
Pro-Ile-kys [3X36]. Independently and shortly there- 
after, Kalderon et al. [39,38] and Lanford afld Butel 
[39] described an NLS in SV40 large T antigen, This se- 
quence, Pro-Lys-Lys”’ -Lys-Arg-Lys-Val, is Sufficient 
to target linked non-nuclear proteins to rha nucleus 
[38]. Mutant large T antigen, in which L~s’~~ is replaced 
by threonine or asparagine, does not accumulate in the 
nucleus [39,39]. NLSs have now been identified in a 
large number of nuclear proteins (for a comprehensive 
list see [6]). 
ln 1986, Richardson et al. 1401 found that the 
polyoma virus large T antigen contains two indepen- 
dent nuclear signal sequences. When both signals are 
deleted, the protein is no longer directed to the: nucleus, 
2 
whcrcns &Action of only one ot’ tlic two signals eouf~+fS 
R much !css dramatic: iocnlization dct’cst. 13ti111 SC’., 
~UC~lCCS rcscmblc the tlUClcill trtrgcting siyrrnl of SV40 
large T antigen, containing basic amino acids nncl a rx’o- 
lint residue. Subscq\;cnt srudics in which two NLSs 
lia~c been found in scvcral nuclcnr protcirls (see (61) 
suggest hat two signals could bc n gcncrnl fcWrrc of 
nuclear protein import. The role for n dual signal is not 
jet clear. The two signals could bc functionally cyui- 
valcnt and act additively or could be func:tionally 
distincr, (for rcvicw see [6]). 
There is no single corxnsus among the many Nl.Ss 
that have been idcntificd to dntc. Howcvcr, thcrc 11rc 
some general descriptive rules, Nuclear localization 
signals (1) arc typically short scqucnccs, usuully not 
more than 8 to 10 amino acids; (2) contain a high pro- 
portion of positively charged amino acids (lysinc and 
argininc) often associated with a prolinc; (3) can rcsidc 
in any c:xposed region of a nuclear grotcin; (4) arc not 
removerr following localization; and (5) can occur more 
than once in a given protein. 
4. MECHt\NI§M OF TRANSPORT iNTO THE 
NUCLEUS 
The molecular machinery that translocntes proteins 
across the nuclear envelope is part of the nucleur port 
co-mple:,: (NPC), as incisively demonstrated in 1254 by 
Feldherr et al.[41]. Feldhcrr et al. examicing by electron 
microscopy the nuclear accumulation of colloidal gold 
particles coated with the nuclear protein nuclcoplasmin, 
observed that at early times after injection into the 
cytoplasm, the particles accumulated at nuclear pores. 
They concluded that the pores are the major, if not the 
exclusive, sites for transport; there is no evidence sup- 
porting a model in which e.ulchar,ge occurs directly 
asross the nuclear membranes. Additional evidence for 
transport through the NPC has subsequently come 
from numerous tudies in ,which FIX-binding agents, 
such as antibodies [42,43] and WGA 144-481, are shown 
to inhibit nuclear import. 
How are proteins transported across the nuclear 
envelope? Although this question is not yet solved, the 
process is known to consist of at least two steps 
[36,49,§0]: (1) binding to a receptor either on the 
nuclear envelope or in the cytoplasm; and (2) a subse- 
quent energy-dependent translocation through the 
nuclear pore complex. 
4.1. Sff?hl one: receptor binding 
A large number of studies demonstrating the 
saturability and specificity of nuclear protein import 
argue that the import process is receptor-mediated [S 11. 
For example, Goldfarb et al. [52] showed that BSA con- 
jugated to the NLS of SV40 large T antigen is imported 
into nuclei with saturable kinetics (approximate Knl of 
1.8 FM and a V,,,, of 6.4 x 10” molecules/cell per 
Whcrc is Ihe rcCcptor? ‘Phcrc arc at lcast three 
possibilities which ilrc’ currently being consic!crcd. First, 
the rcccptor is located a! the NPC where it binds and 
trnnspol ts protein into the nucleus. Second, the rcccp- 
tar reside:; in the cytoplasm whcrc it binds a nuclear 
protein, shuttlcs it to the NPC, and then rcicnscs it to bc 
trnnsportcd into the nt~lc~ by a scpnrarc mnchinery. 
Third, the rcccptor is locutcd in rhc cytoplasm, nuclco- 
plasm and nuclcur cnvclope such that it binds a nuclear 
protein in the cytoplasm; a rcccptor-nuclear protein 
complex then binds the NPC and is transported into the 
nucleus, whcrc the nuclear protein is released and the 
rcccptor is recycled, 
Evidcncc for rcccptors near or in the WC is provided 
by stud& in which prcsumcd import intermediates are 
visualized directly 136,49,50,53,54]. Employing col- 
loidal gold particles coated with nuclear proteins, it has 
been shown that under ATP-dcplctcd conditions, 
nuclear proteins bind to the NPC, su,ggasting rhat the 
receptor is located on the NPC or on the fibrils which 
emanatcl from the NPC. Additional evidence for a 
NLS-binding receptor in the NPC has come from a 
study by Yoncda et al. [43]. Reasoning that a receptor 
for a positively charged signal such as the large T an- 
tigen NLS (Lys-Lys-Lys-Arg-Lys) might have a com- 
plementary stretch of negatively charged amino acids, 
Yoneda et al. raised antibodies against a peptidc con- 
taining the sequence Asp-Asp-Asp-Glu-Asp, The an- 
tibodies both recognize antigens in the NPC an.d inhibit 
nucicar import, suggesting that an antigen in the NPC 
is a receptor for the large T antigen NLS. 
Four groups have described nuclear (presumably ex- 
clusively) NLS.binding proteins. Lee and Melese [55] 
and Silver et al. [%I, identified yeast NLS-binding pro- 
teins in the nucleus by ligand blotting. Silver et al. 
found two proteins of 90 and 59 kDa. The biochemical 
behavior of these proteins suggests that they associate 
with ruclei via protein-protein interactions. Lee and 
Melcse identified a 619 kDa protein that is tightly 
associated with the nuclear envelope, either with the 
NPC or the putative yeast nuclear lamina. The 90 kDa 
protein found by Silver et al. and the 67 kDa found by 
Lee and Melese could be the same protein. Benditt et al. 
[57] identified 56,57,6§ and 94 kDa signal-binding pro- 
tcins from purified rat nuclear envelopes by crosslink- 
ing. Li and Thomas [58], also by crosslinking, have 
described a66 kDa nucleoplasmic NLS-binding protein 
from human cells. 
A receptor found exclusively at the NPC is difficult 
to reconcile with the lack of a consensus NILS. One 
might imagine that many different types of signals 
would require ;I Iarg(Z cumbcr of rcccptors on a limircd 
number of pore complcxcs. This problem bccomcs pnr- 
ticulnrly acute when consitlcring that all pn~cs appear to 
be compctcnt CO irnp.>rt a given protein [4I]. One solu- 
rion to this problelri s to invoke cytoplasmic Ircclptors 
t,hat scrvc as adaptors bctwccn the diffcrcnt types ot 
signals and c? conunon binding site on the nucleus. 
Evidence fcr non-nuclear eceptors has been rcportcd 
by scvcrnl groups. Ncwrncycr and Forbes [SS] lmc 
dcscribcd n frog cytoplasmic factor, NIF-1, that 
stimulates nuclear protein import in vitro. Brccuwcr 
nnd Cioldfarb [60] found that histone HI is rr;taincd in 
the cytoplasm at 4”C, whereas non-nuclear pro:zins of 
similar size diffuse into the nucleus; the cytoplasmic 
rctcntion of Hi is ovc:comc by injection of excess 1-11, 
This saturable cyroplasmic retention supports the no- 
tion that HI is localized to the nucleus by a cytoplasmic 
rcccptor that prevents diffusion at low tempsraturc. 
Yamasaki et al. [61] have described proteins from rat 
liver cells that bind an NLS pcptidc; two of these pro- 
teins, 100 and 70 kDa, are cytoplasmic, while the rc- 
maining two proteins, 140 and 55 kDa, are loosely 
nucleus-associated. These proteins could bind NLS- 
bearing proteins in the cytoplasm and shuttle them to a 
receptor esiding at the NPC. Finally, Adam et al. fB%] 
have also found in rat liver cell extract wo proteins that 
bind an NLS-bearing protein. These proteins, of 60 and 
70 kDa, reside in fhe cytosol, nuclear envelope and 
nucleoplasm, supporting the multistep model for 
carrier-mediated nuclear protein import in which a 
recycling receptor carries a passenger protein all the 
wajr from the cytoplasm to the nucleoplasm. Which of 
the many NLS-binding proteins described to date are 
physiologically relevant o the imptii;. process and the 
validity of any of the three models on receptor function 
described above remain to be determined. 
4.2. Step two: translocation through the nucles~ pore 
complex 
The second step in the transport of nuclear proteins 
from the cytoplasm to the nuclcoplasm is translocation 
through the nuclear pore. This step is clearly the active 
step in the import process, requiring both physiological 
temperature and ATP. At low temperature or in the 
absence of ATP, import substrates bind trJ the nuclear 
periphery but are not translscated across the nuclear 
envelope [49,50]. The requirement for physiological 
temperature has been demonstrated in vivo [47,50,63] 
and in vitro [48,64-691. The ATP requirement has also 
been investigated in a number of systems. Nuclear pro- 
tein import is abolished following depletion of ATP 
with apyrase in cell-free systems [4?,64,65,67-701 or 
with deoxyglucose and sodium aaide in cultured cells 
[SO]. Furthermore, a non-hydrolyzable ATP analogue 
does not support import [68]. 
The actual tralsslocation step itself might consist of 
3 
~cvcrn! steps, i1S rcvcnlcd by EM visunlizntiotl of’ NLS- 
coatccl colloidal gold particles bound to nuclear pore 
cornplcxcs [53,S4] and of t~ill’lSpOrt-~clntstl cOnfigllril- 
[ions of the pore transporter [71]. A nuclcnr protcin al)- 
pears first to bind to the pcriphcry of the transporter 
and then to move througll an opening in the ccntcr of’ 
thC trnnsportcr. The transport CllilIlIWl pCrhilpS OgCllS 
concomitantly with the binding and movcmcnt of nn 
import substrate such that only ccrtnin proteins nrc 
sllowed to pms through the chnnncl. Remarkably, 
nuclcopl~1~tnin.coatcd gold particlcs with CI dianxtcr ;IS 
lnrgc BS 20 IUII can pw through the nuclear pow [41], 
cvcn though the pore nqucous channel hns r? dinmrtcr of’ 
only 9 nm [72]. Since the pore can accomodntc lnrgc, 
rigid gold pnrticlcs, protein deformation or unfolding 
must not be Q prcrcquisitc for nuclear import, The 
above observations taken together suggest hat the port 
may work ns an AT&driven iris diaphragm that opens 
in response to n signal recognition cvcnt. 
5. CONCLUSION 
The study of nuclear protein localization is now 
entering its third phase. The first phase, the early years, 
consisted mostly of morphological and physiologicai 
studies on the nuclear envelope, and was responsible 
primarily for establishing the nuclear pore complex as a 
channel through which rnolccules can diffuse between 
the cytoplasm and the nuclcoplasm. The second phase 
&as ushered in during the early 1980s by the discovery 
of nuclear localization signals and the realization that 
nuclear import involves active transport in addition to 
passive diffusion. The third phase is now beginning to 
identify the cellular components with which NLSs in- 
teract and should eventually elucidate the actual 
molecular mechanism by which proteins are actively 
transported into the nucleus. 
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